We demonstrate high-contrast state detection of a superconducting flux qubit. Detection is realized by probing the microwave transmission of a nonlinear resonator, based on a SQUID. Depending on the driving strength of the resonator, the detector can be operated in the monostable or the bistable mode. The bistable operation combines high-sensitivity with intrinsic latching. The measured contrast of Rabi oscillations is as high as 87%; of the missing 13%, only 3% of the loss of contrast is unaccounted for. Experiments involving two consecutive detection pulses are consistent with preparation of the qubit state by the first measurement. DOI: 10.1103/PhysRevLett.96.127003 PACS numbers: 85.25.Dq, 03.67.Lx, 85.25.Cp Superconducting qubits [1] have been established as promising candidates for the implementation of a quantum information processor [2] . Remarkable achievements in this field include the realization of complex single-qubit manipulation schemes [3] and the generation of entangled two-qubit states [4, 5] .
Superconducting qubits [1] have been established as promising candidates for the implementation of a quantum information processor [2] . Remarkable achievements in this field include the realization of complex single-qubit manipulation schemes [3] and the generation of entangled two-qubit states [4, 5] .
For qubit readout, several detectors have been investigated experimentally. In general, their efficiency is relatively poor, for reasons which are currently not well understood. Most detectors to date rely on irreversible processes in mesoscopic Josephson circuits [6 -10] . For these schemes, energy is dissipated on the chip where the qubit is placed. Therefore, long waiting times are necessary to bring the qubit, readout, and control circuits to their proper initial state. In particular, the qubit state is strongly disturbed. More recently, dispersive measurement schemes are being investigated, which overcome these drawbacks [11] [12] [13] [14] [15] . They are based on the measurement of the impedance of a resonator coupled to the qubit. The energy used to probe this resonator is mostly dissipated at a place remote from the qubit chip. Also, the backaction on the qubit is low. However, the qubit relaxation times are typically comparable to the time necessary for a reliable measurement of the impedance. This limits the detection efficiency when a linear resonator is used [12, 13] . With a nonlinear resonator, this limitation can be removed, by using a bifurcation transition [16] . In this case, the result of a qubit measurement is either of two possible oscillation states of the driven resonator. These oscillation states can be latched and reliably discriminated irrespective of subsequent relaxation of the qubit. A dispersive method using latching was successfully demonstrated in Ref. [14] , where it was used for the readout of a quantronium.
In this Letter we present experimental results on the readout of a superconducting flux qubit using a dispersive method. We observed coherent oscillations in two distinct operation modes of the detector: monostable for weak driving and bistable for strong driving of our nonlinear resonator. In the bistable regime the measurement contrast is very large, 87%, which is a significant improvement over previous measurements [6 -10,13,14] . We also performed consecutive measurements of the qubit. We find that the results are consistent with projection of the qubit state by a first measurement, with a probability as high as 90%.
In our experiments we use a persistent current qubit [17] . It is formed of a superconducting ring interrupted by three Josephson junctions. For suitable parameters of the Josephson junctions and for an applied magnetic flux in the qubit loop qb close to n 1=2 0 (n is integer and 0 h=2e), this system can be operated as a two level system. The qubit Hamiltonian is
where 2I p 0 f. and I p are fixed parameters, determined by the charging and Josephson energies of the Josephson junctions, and the frustration f qb ÿ n 1=2 0 = 0 . Figure 1 (a) shows a plot of the ground (g) and excited (e) energy levels of the qubit used in our measurements. The expectation value of the circulating -0.005 0.000 0.005
0.000 0.005 current in the qubit ring corresponding to each eigenstate is plotted in Fig. 1(b) .
Figure 1(c) shows a schematic representation of our readout and control circuit. The readout circuit is based on a dc-SQUID, coupled to the qubit through their mutual inductance M readout . The SQUID has a Josephson inductance [18] L J sq , which depends on the total magnetic flux in its loop sq sq;bias M readout I qb ; sq;bias and M readout I qb are generated by an external coil and by the qubit, respectively. The contribution of the self-generated flux is negligible compared to sq;bias and nearly constant over the range of variation of sq;bias relevant in our experiments. The two-qubit states have different currents I qb [see Fig. 1(b) ], resulting in values of the Josephson inductance different by 2% in our experiment. We form a resonant circuit by including L J in a loop closed by the capacitors C and the small unintended stray inductance L s [see Fig. 1(c) ]. We probe the transmission of this resonant circuit by sending a wave with a frequency F and current amplitude at the sample I r;0 and measuring the amplitude V r;0 and relative phase of the voltage of the transmitted wave. We use a low-noise cryogenic amplifier, described in Ref. [19] . When F is close to the resonance frequency F res , the transmission depends strongly on small changes of L J and thus on the qubit state. In our experiment F res 800 MHz and the quality factor Q 100. The qubit state is controlled by applying a magnetic flux in its ring qb t qb;bias M control I control t. qb;bias is generated using an external coil and set to a value close to one of the operation points n 1=2 0 . M control I control t is generated by an on-chip line and used to change the qubit state either adiabatically or by resonant pulses. The qubit, resonant circuit, and control line are fabricated on an oxidized silicon substrate by using standard electron beam lithography. Measurements are performed in a dilution refrigerator, at temperatures of 30 mK.
The Josephson inductance of the SQUID depends on the current in a nonlinear way. Our resonant circuit is described, to a good level of approximation, by the Duffing oscillator model [20] . This model predicts that a certain driving condition of the resonator (given by the driving frequency F and amplitude I r0 ) results in one unique forced oscillation state when F > F res 1 ÿ 3 p =2Q. When F < F res 1 ÿ 3 p =2Q, two oscillations states are possible for I Bl < I r0 < I Bh , and only one state otherwise. I Bl and I Bh are the values of the driving current where bifurcation occurs, dependent on F and the parameters of the resonant circuit. The oscillation state denoted by 0 exists when I r0 < I Bh , and the state 1 when I r0 > I Bl . Without fluctuations the resonator, driven at frequency F and amplitude I r0 slowly increasing from I r0 0, resides in state 0 until I r0 reaches I Bh , when it switches to state 1. Thermal fluctuations will cause the transition 0 ! 1 to occur randomly at I r0 < I Bh , with a rate that increases exponentially as I r0 approaches I Bh . The bistable measurement regime relies on the fact that the bifurcation current I Bh depends on the value of the magnetic flux in the SQUID loop sq . For a fixed driving condition of the oscillator, the probability for the transition 0 ! 1 to take place is very sensitive to variations in sq , and thus to changes in the qubit state. The monostable measurement regime does not exploit the 0 ! 1 transition, but relies instead on the measurement of the voltage and phase of the driven resonator, which also depend on sq .
We present our experimental results starting with measurements in the monostable regime. We control the qubit state by using a pulse as shown in Fig. 2(a) (top) . We start with a preparation part (P), by fixing the frustration f to a value f p , for a time much longer than the qubit energy relaxation time. This results in a Boltzmann distribution for the qubit initial state, set by the effective temperature T qb;eff . The qubit is prepared in the ground state if k B T qb;eff E e ÿ E g . After qubit state preparation, the frustration f is changed adiabatically to the value f m , where qubit manipulation (M) is done by using a microwave burst of frequency F m and duration T m . Finally, the frustration f is changed adiabatically to the value f r (for readout-R), preserving the weight of the energy eigenstates created at M. Readout is possible, provided f r * , because the two-qubit states have significantly different currents [see Fig. 1(b) ]. To measure the state of the qubit, a microwave burst is sent to the resonator with frequency F, amplitude I r0;max , and duration T r [see Fig. 2(a) (bottom) ]. The sequence shown in Fig. 2 
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127003-2 wave hV r0 i, which is a measure of qubit population, is calculated. Figure 2(b) shows the result of a typical spectroscopy measurement. The position of the qubit spectroscopy peaks, F peak , is plotted as a function of the frustration f m in Fig. 2(c) . A fit of the data with the expectation for the qubit energy level splitting following from Eq. (1) yields the qubit parameters 4:58 GHz and I p 360 nA. Using strong microwave pulses, with a frequency F m equal to the energy levels splitting of the qubit, we induce Rabi oscillations between the qubit energy eigenstates. A typical result is shown in Fig. 2(d) , together with a fit with a exponentially damped sinusoidal signal. We observe Rabi oscillations with frequencies as high as 100 MHz, varying linearly with the amplitude f m of the microwave burst.
We now turn to a presentation of the experiments using the bistable operation mode. To characterize experimentally the transition between the states 0 and 1 of the driven oscillator, we use the methods developed in Ref. [16] . We drive the resonator with an ac pulse of fixed frequency F < F res 1 ÿ 3 p =2Q and modulation of the amplitude as shown in Fig. 3(a) . During the first part of the pulse, of duration T sw , the amplitude is set to a value I r0;sw close to I Bh , such that there is a significant probability for the 0 ! 1 transition of the oscillator. The second part of the pulse is used to discriminate the states 0 and 1 by measuring the amplitude and phase of the voltage of the resonator. In this part I r0 is set such that both transitions 0 ! 1 and 1 ! 0 have negligible rates and a long time T latch allows for amplifier noise suppression. We first measure the probability P sw of switching between the states 0 and 1, with the qubit in its ground state, for two values of the magnetic flux in the SQUID loop sq;bias1 and sq;bias2 . Their difference equals the change in magnetic flux when the qubit state changes from g to e. The switching probability P sw is shown in Fig. 3(b) as a function of the amplitude I r0 ;sw . The figure shows that it is possible, in principle, to detect the qubit state with an efficiency as high as 98%.
Using the bistable operation mode, we next measure changes in the state of the qubit. We use a control pulse as shown in Fig. 2(a) (top) and a readout pulse as shown in Fig. 3(a) . The shape of the control pulse is optimized to achieve high fidelity for qubit state preparation. Figure 3(c) shows the switching probability curves when the qubit is prepared in the g or e state by using a resonant microwave pulse at M [see Fig. 2(a) ]. The maximum separation between the two curves is 87%. This is smaller than the value of 98% corresponding to a measurement of a magnetic flux difference equal to the qubit signal [see Fig. 3(b) ]. Detailed experimental studies indicate that the most important contribution to the observed loss of contrast is the adiabatic shift from M to R, accounting for 7%. The qubit relaxation during the measurement (but not due to the measurement process) accounts for 2%. The remainder of 3% occurs during the switching on of the detector. In Fig. 3(c) we show the measurement of Rabi oscillations with measurement settings optimized for maximum contrast. Each measurement is repeated 10 4 times in order to reduce the spread of the average when measuring superpositions.
We finally address the question of how the qubit state is changed by the measurement [21] . This requires the use of two consecutive measurements; the second measurement is used to characterize the effect that the first measurement had on the qubit. Using two consecutive readout pulses, of the type shown in Fig. 3(a) , has the disadvantage that the minimum duration of the latching plateau, due to the noise of our amplifiers, is comparable to the qubit relaxation time. The qubit would undergo significant energy relaxation before the second measurement takes place. We choose instead a readout pulse as shown in Fig. 4(a) , consisting of two intervals of large amplitude, realizing two consecutive measurements R 1 and R 2 . We use the labels r 1 and r 2 to denote the outcome of the measurements R 1 and R 2 ; they take the values 0 (1) if switching did not (did) occur. For this doublemeasurement pulse the probability that switching occurs is P are the amplitudes for R 1 and R 2 , T delay is the delay between the two measurements, and Pr 1 0^r 2 0 is the probability that switching does not occur during either R 1 or R 2 . We also read out the qubit state with a single-measurement pulse by setting the amplitude I 2 r0;sw I r0;latch . The switching probability for this singlemeasurement pulse is P below, but different from those that led to the data shown in Fig. 3(c) ].
In a first experiment we measure the contrast of Rabi oscillations with a double-measurement pulse as a function of the delay time T delay between R 1 and R 2 , as shown in Fig. 4(c) . The observed decrease is due to the relaxation of the qubit between R 1 and R 2 . A fit with an exponential decay, shown by the solid line in Fig. 4(c) , yields a decay time which is the same as the qubit relaxation time. This shows that the correlations between the results of measurements R 1 and R 2 are due to the change in the qubit state, and not to the detector dynamics.
In a second experiment we set the initial state of the qubit to a defined value and we measure the joint probability Pr 1 0^r 2 0 with a double-measurement pulse and the probability Pr 1 0 with a singlemeasurement pulse. This allows calculating the probability for r 2 0 when r 1 0. Therefore the conditional probability Pq ejr 1 0, for the qubit to be in state e when the first measurement gave the result r 1 0, can be calculated. This is plotted in Fig. 4(d) versus I 1 r0;sw , for initial qubit states given by j i init cos=2jgi expi sin=2jei obtained by Rabi rotation; is indicated in Fig. 4(d) for each curve, and is an unimportant phase angle. For large I 1 r0;sw all the curves collapse to a single value of about 90%. A no-switch event results in a postmeasurement state nearly equal to the excited state, irrespective of the pre-measurement state. The region over which the curves in Fig. 4(d) show a fast increase corresponds to the region where the switching probability for the ground state, shown in Fig. 4(b) , increases; this can be interpreted as a transition from weak to strong measurement. Note that using the double-measurement pulse shown in Fig. 4(a) instead of two successive pulses as shown in Fig. 3(a) has the limitation of only giving information on the qubit state when r 1 0.
In this Letter we have presented measurements of a superconducting qubit using a dispersive readout scheme. Operation in the bistable mode results in the observation of Rabi oscillations with very high contrast, significantly improved over other measurements of this type. We also present measurements which indicate that a single measurement prepares the qubit state with a fidelity of about 90%. These results establish dispersive readout as very suited for flux qubits and make it promising for readout of entangled two-qubit states. The solid line is a fit with an exponential decay. (d) Conditional probability for the qubit to be in the excited state, when the first measurement did not lead to switching, for different qubit initial states; T delay 800 ns.
